The first proton transfer in the bacteriorhodopsin photocycle takes place during the L -M transition.
Introduction
The light-driven proton pump bacteriorhodopsin (bR) is a model system for understanding how transmembrane proteins translocate ions across biological membranes. The proton pumping cycle starts with the all-trans to 13-cis photo-isomerization of the retinal, which is covalently bound to Lys216 via a protonated Schiff base. The first proton transfer step of the cycle involves the transfer of the Schiff base proton to the nearby Asp85 during the L -M transition. In spite of its apparent simplicity of a shortdistance proton transfer step, the mechanism of the Schiff base deprotonation has been a subject of significant controversy from both experiments and theory. [1] [2] [3] [4] [5] Discrepancies between the published crystal structures of L have largely contributed to the controversies over the mechanism. Indeed, as we summarize below, the four crystal structures proposed for L [6] [7] [8] [9] have given conflicting information on the conformation of the retinal Schiff base and its interactions with the surrounding protein and the water environment (see also discussion in ref.
2).
In the bR resting state, the Schiff base of the all-trans retinal is hydrogen-bonded to a water molecule (w402, according to the X-ray structure of ref. 10 , PDB code: 1c3w) that further connects to the negatively-charged carboxylates Asp85 and Asp212. Both carboxylates are hydrogen-bonded to additional water molecules (Fig. 1 ). The first crystal structure proposed for L (PDB code: 1e0p) 6 was resolved with a resolution of 2.1 Å from crystals cryotrapped at 170 K. Assignment of this structure to L was debated owing to the possible contamination with K and M, [11] [12] [13] and a new structure was published (PDB code: 1vjm) 7 based on crystals cryotrapped at 150 K. In the structures from both ref. 6 and 7, the retinal was modeled planar, with a Schiff base orientation towards the cytoplasmic side and w402 being absent. The absence of w402 was interpreted as an indication of coupled movements of w402 and nearby protein groups, most notably displacement of Arg82 towards the extracellular side. 6 Combined quantum mechanical/molecular mechanical (QM/ MM) computations on the L structure from ref. 6 indicated that for this geometry of the active site, the M-like protonation state (Schiff base deprotonated, Asp85 protonated) is energetically favored by approximately 7 kcal mol À1 .
14 A cytoplasmic-oriented Schiff base is also indicated by the crystal structure from ref. 8 (PDB code: 1ucq), solved at 160 K with a resolution of 2.4 Å. Based on the analysis of electron densities in a set of K, L, and M state structures, 8, 15, 16 the intriguing proposal was made 8 that during the K to L transition w402 is translocated to a new location on the cytoplasmic side of the Schiff base; this new location was labeled w602 in ref. 8 , and water B in ref. 17 . Whether or not w402 can indeed translocate to the cytoplasmic side is unclear, because the energetics of water translocation indicated a rate-limiting barrier of 13-15 kcal mol
In contrast to the cytoplasmic-oriented Schiff base from ref. 6-8, the L state models from ref. 9 and 18 (PDB code: 1o0a and 2ntw, respectively) indicate a Schiff base orientation towards the extracellular side. In both models with the extracellular-oriented retinal (ref. 9 and 18) , w402 is present close to its original location in the bR resting state (Fig. 1) , which led to the proposal that w402 acts as an intermediate carrier for the proton. 18 But the retinal geometry from these structures appears difficult to reconcile with other experimental and computational observations. 17, 19 As noted by Bondar et al., 17 in the structure from ref. 18 the C14-C15QN-CE dihedral angle is 43.71 (i.e., the retinal is 15-syn), which is not consistent with the 15-anti conformation deduced in other spectroscopic experiments; [20] [21] [22] in the structure from ref. 9 the C12-C13QC14-C15 dihedral angle is À107.91, i.e., the retinal has a twisted all-trans geometry. 17 (A planar all-trans retinal would be characterized by the C12-C13-C14-C15 dihedral angle being 180 degrees, and planar 13-cis by an angle of 0 degrees.) Understanding the geometry of the proton transfer complex in the L intermediate is further complicated by observations from time-resolved FTIR 23 studies indicating different vibrational bands at low temperature compared to room temperature. The differences in the vibrational frequencies interpreted to indicate differences in the conformation of the retinal and in the position of water molecules close to the Schiff base. Whereas at room temperature the 15-H HOOP mode at 983 cm
À1
suggests that retinal is twisted around the C14-C15 bond, 23 the absence of the 15-H HOOP fingerprint at low temperatures supports a planar retinal geometry. 23 Likewise, FTIR measurements were used to assign different vibrational bands to the active site water molecules at low vs. room temperature. 5 The observations from experiments that the retinal geometry and water interactions depend on the temperature are supported by results from theory: for example, the free energy for inserting a water molecule in the water B position is À17 kcal mol À1 at 150 K, and À12 kcal mol À1 at 300 K. 17 Starting from a L-like model with a water molecule in the water B position (Fig. 1) , it was found that at room temperature the geometry rapidly converges to a structure in which the water molecule bridges the twisted retinal Schiff base and the negatively-charged Asp85. 17 This model is consistent with recent NMR experiments 19 as well as calculations, which estimated the proton transfer barrier to be 7 kcal mol À1 , which matches well the 10 ms timescale of the L to M transition. 17 To understand which of the various geometries proposed for the active site of L reproduces the absorption maxima measured in experiments, we computed here the excitation energies starting from four different L-state models constructed from three different X-ray structures. We performed combined QM/ MM molecular dynamics simulations at room temperature, and then computed excitation energies of the minimum energy structures. As first demonstrated in ref. 2 , we confirm here via independent molecular dynamics simulations that at room temperature water B relocates to bridge the Schiff base and Asp85. The important new observation from the current computations is that relative to the bR ground state, the water-bridged structure gives an excitation energy shift that is compatible with experiments. The other structural models considered here give absorption maxima which, within the error of our computations, are inconsistent with the experiments.
Methods

Protein models
We performed three independent sets of simulations using the L state crystal structures from ref. 7-9 (PDB codes: 1vjm, 1ucq and 2ntw). Due to the reasons discussed in the Introduction, here we do not perform new computations on the crystal structures from ref. 6 and 18. The missing internal coordinates and hydrogen atoms were added using the CHARMM software. 24, 25 The amino acid residues Asp96, Asp115 26, 27 and Glu204 28 were considered protonated, all other titrable residues were modeled in their standard protonation state. Each of the protein structures was geometry-optimized as described below. Throughout the manuscript, we denote L models A, B and C the optimized structures derived from the crystal structures of ref. 7-9, respectively. In the case of the crystal structure from Kouyama et al., the Thr89 N-C a -C b -C g dihedral angle was changed from the trans-conformation as shown in the crystal structure to a gauche-conformation, because previous computations demonstrated that the gaucheconformation is energetically favored. 17 Force field and the combined QM/MM approach Geometry optimization and molecular dynamics simulations were performed using a combined QM/MM approach as described in shown that SCC-DFTB describes the ground state structural properties of protonated Schiff bases with a performance comparable to full DFT, e.g. structure, bond length alternation and torsional barriers, [37] [38] [39] even the geometry of the bacteriorhodopsin active site. 39 Recently, SCC-DFTB has been extended to third order. This improvement allows a much more accurate description of proton affinities and hydrogen bonding energies. 40, 41 For example, whereas the standard SCC-DFTB underestimates hydrogen bonding energies by 2 kcal mol
À1
, the improved third order SCC-DFTB reduces the error to less than 1 kcal mol À1 for a large test set of hydrogen bonding complexes. 41 
Quantum mechanical region
The MD simulations were performed with a QM region that included the retinal molecule, Lys216, Asp85, Asp212, Thr89 and three water molecules close to the retinal Schiff base region ( Fig. 1 ). This QM region is denoted here QM6. The QM/MM frontiers for the amino acid residues were set at the C a -C b bond, and a link atom scheme was used to saturate the QM host atoms. 42 The electrostatic interactions at the boundary are treated using the ''divided frontier charge'' scheme proposed by König et al.
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To maintain the shape of the protein, all atoms further than 14 Å from the Schiff base nitrogen atom were restrained harmonically to their initial crystal structure coordinates based on their B-factors. Atoms within 6 Å from the Schiff base nitrogen were not subjected to any constraints. In the region between 6 Å and 14 Å, atoms were restrained harmonically with force constants scaled by a sigmoid function to smoothen the transition between the regions without and with harmonic constraints. To account for the effect of bulk solvent, a charge scaling scheme was used as proposed by Dinner et al. 44 The partial charges of charged residues which were exposed to the bulk solvent are scaled using scaling factors determined from solutions of the Poisson-Boltzmann 45 equation.
To investigate the impact of the protein environment and the size of the QM region on the excitation energies, we performed additional sets of computations in which coordinates for the retinal were extracted from the QM/MM trajectory obtained with QM6. In that manner, one can separate the impact of electrostatic from steric influences on the excitation energy of the chromophore. We also assessed a smaller QM region, termed QM1, where the retinal and Lys216 are described quantum mechanically, while the rest of the protein is included at the MM level.
Molecular dynamics simulations
For each L-state model we performed an energy optimization followed by heating, equilibration, and production run. Heating of the systems to 300 K was performed in 20 steps, allowing for 1 ps of equilibration at each temperature value. Heating, equilibration (300 ps) and production runs (2.5 ns) were performed using the Nose-Hoover 46, 47 thermostat with an integration time step of 1.0 fs.
Computation of excitation energies
To predict changes in excitation energy with respect to external electrostatic field perturbations, we used the ab initio method SORCI 48 (spectroscopy oriented configuration interaction) as implemented in the ORCA program package. 49 The various thresholds of the SORCI method were set in accordance with previous studies. 38, 50 The SV(P) basis set 51 was used with diffuse s-and p-functions on carboxylate oxygen atoms of anionic residues. As one-electron basis for the SORCI calculation, averaged approximate natural orbitals were used, resulting from a MR-DDCI3 calculation with a CAS(4,4) reference space after the initial RHF calculation and generation of improved virtual orbitals.
Accounting for protein polarization in excitation energy computations
Previous studies have shown that protein polarization may influence the excitation energies. 52, 53 We have implemented a polarizable force field model which allows us to include the effect of protein electronic polarization in the calculation of excitation energies for static structures. 54, 55 This model combines polarization-free point charges with an interactive induced atomic dipole model in response to the charge distribution of the ground and first excited states of the QM region. To improve the electrostatic representation of the protein, the CHARMM22 point charges are substituted by the explicitly polarized ''polar.h'' model, which was benchmarked for peptides and applied to various retinal proteins. 54, 55 The electronic polarization affects not only absolute excitation energies, but also relative excitation energies. [56] [57] [58] Using our methodology, we are able to compute the excitation energy of bR between ground and first excited states (2.18 eV) 58 in agreement with the experimentally determined absorption maximum. Note that this agreement is the result of a fortunate error cancellation. It has been shown previously that the bond length alternation, i.e. the difference between average single-and doublebond lengths, is underestimated using SCC-DFTB and DFT, so that excitation energies obtained from these structures are consistently too low by about 0.1 eV compared to hybrid DFT. 56 3 Results and discussion View Article Online of the geometry of the active site that are potentially important determinants of the excitation energies. The QM/MM-optimized L model A. As noted before, 17 the retinal in ref. 9 is in a twisted all-trans conformation. Upon QM/ MM geometry optimization, the retinal relaxes to a geometry closer to a planar all-trans: the dihedral angle around the C13QC14 double bond increases from À107.91 in the crystal structure, 9 to À150.71 in the QM/MM-optimized model (Fig. 2) .
The dihedral angles of the polyene chain for the crystal and optimized structure are shown in the ESI. † Although DFT-based methods tend to overestimate the planarity of the retinal molecule, 37 our observations from two independent computations (here and ref. 17) confirm that the QM/MM-refined geometry of ref. 9 is bR-like all-trans. After QM/MM optimization (Fig. 3a) , the distance between the Schiff base nitrogen and the w402 oxygen atom is 2.8 Å, which is close to the crystal structure (2.9 Å). The optimized structure of the binding pockets of L model A and the resting state of bR 50 are very similar.
The distance between Arg82 and Glu204 is slighly shortened from 5.2 Å in the crystal structure to 4.3 Å in the QM/MMoptimized structure and the distance between Glu204 and Glu194 is shortened from 3.8 Å to 3.6 Å. Glu204 is connected to Arg82 via a bridging water molecule.
The QM/MM-optimized L model B. In the crystal structure, 7 the retinal was modeled as a planar polyene chain. Upon QM/ MM geometry optimization the retinal becomes twisted around the N16QC15, C15-C14 and C14QC13 bonds by 20.031, 24.361 and 20.991, respectively. As a result of this twist, the retinal Schiff base is oriented toward Thr89 (Fig. 3b) . The distance between Thr89 and Asp85 shortened from 4.5 Å in the crystal structure to 2.8 Å in the QM/MM-optimized model.
Similar observations on retinal Schiff base twisting and the formation of a hydrogen bond between Asp85 and Thr89 upon QM/MM optimization were made in previous work 14 on the crystal structure from ref. 6 . Taken together, these observations suggest that a planar retinal geometry in the polar environment of the binding pocket may be less favorable than a geometry where both the retinal and Asp85 form a hydrogen bond to Thr89. The hydrogen bond between Thr89 and the negativelycharged Asp85 has been revealed by experiments, 60 and observed in computations on L state models.
2,59
The QM/MM-optimized L model C. Geometry optimization of the model prepared from the crystal structure of ref. 8 preserved the overall starting geometry (Fig. 3c) . Several hydrogen-bonding distances in the active site became shorter upon optimization: between Asp85 and Thr89 by 0.03 Å, Asp85 and water401 by 0.02 Å, and between water B and the Schiff base by 0.3 Å.
It must be noted, that all X-ray structures for the L-intermediate are taken at low temperatures, and therefore may not resemble the actual structure, that is functional under physiological conditions. We therefore perform MD simulations at room temperature to allow for a better description with conditions closer to the native environment of bR. However, due to limited computation time, the simulations are still somewhat biased to the X-ray structure, which was taken as a starting point, and large conformational changes that are connected to large energy barriers may not be captured.
QM/MM MD simulations at 300 K
In the following, we briefly describe the main observations from the QM/MM MD simulations at room temperature. During the 2.5 ns simulation starting from L model A, the interactions in the retinal binding pocket remain stable and the pentagonal water cluster as well as the hydrogen bonded network close to the chromophore remain intact. During heating, a hydrogen bond forms between Glu194 and Glu204, and the water-bridged hydrogen bond between Arg82 and the proton release group changes from Glu204 to Glu194. The MD trajectory of L model B indicates that the water molecule from the active site (Fig. 3b) is stable between Asp85 and Asp212. The retinal is twisted towards Thr89, and the hydrogen bond between Arg82 and the proton release group is stable during dynamics.
MD-simulation of L model C. A recent QM/MM study 17 using second-order SCC-DFTB with a specific parametrization of the retinal Schiff base demonstrated that a water molecule placed in the location of water B can rapidly relocate during dynamics at 300 K to the region between the twisted retinal Schiff base and the negatively-charged carboxylate of Asp85. This geometry with a twisted retinal Schiff base bridged to Asp85 via water B was found compatible with the proton transfer kinetics of the reaction cycle. As described below, the observation that water B rapidly relocates to bridge the Schiff base to Asp85 17 is reproduced with the setup used here. Early during our equilibration of L model C, water B reorients and forms a hydrogen bond with the Schiff base and Thr89 (Fig. 4b) . This stabilizes transiently the retinal Schiff base in a geometry twisted towards Thr89. Within approximately 1.8 ns, the D, Fig. 4) . The longer simulation time required for the formation of the waterbridged structure in our current simulation as compared to ref. 17 may be attributed to the stochastic nature of the transition to the water-bridged structure or to differences in the setup (different starting coordinates for the protein, different order of the SCC-DFTB expansion, different protocol for the harmonic constraints).
Excitation energies
Impact of retinal geometry on the vertical excitation. The bond length alternation (BLA) of the retinal polyene chain and the deviation from planarity of the p-conjugated system are major determinants of the excitation energy. For example, increasing the BLA leads to a blue-shift of the excitation energy. A strong twist around the C13QC14 bond leads to a red-shift, because the rotation destabilizes the electronic ground state (S 0 ) and stabilizes the first excited state (S 1 ).
In a first step, we evaluate the excitation energies for the isolated chromophore under vacuum by removing the protein, but keeping retinal in its geometry from the QM/MM optimized protein. The data summarized in Table 1 show that the gasphase excitation energies vary by 0.07 eV, indicating that the difference in excitation energies results from the interaction with the protein environment. The major structural determinant of the variation is the BLA of the retinal polyene chain. The deviation from planarity is similar for all models assessed here ( Table 1) . The similar values of the excitation energies computed for L model A and the bR ground state further supports our proposal that the structural model from ref. 9 is a twisted all-trans structure incompatible with L. The excitation energy of the retinal from L model B is slightly higher than that of the bR ground state. The increased BLA has a larger impact on the excitation energy than the slightly stronger twist of the chromophore, which leads to a 0.02 eV blue-shift compared to the bR resting state.
The (Table 2 ). This shift can be explained by the interactions with (a) the charges of the counterions which stabilize the S 0 state relative to S 1 , since the positive charge of the retinal is shifted from the Schiff base to the b-ionone ring during the S 0 -S 1 excitation; (b) the remainder of the retinal binding pocket groups. For all our models we obtain vertical excitation energies that are blue-shifted compared to experiment. This artefact arises from neglect of dispersion interaction and polarization of the protein environment, if describing the electrostatic protein environment by point charges. The differences between QM1 and QM6 arise from two effects: (a) the polarization of the counterions and (b) a small charge transfer from the Schiff base towards the counterions and the water. 58 For bR and L model A, where the Schiff base is oriented towards the extracellular side, the protein blue-shifts (0.08 eV and 0.05 eV, QM6-QM1 in Table 4 ) are comparable. L models B, C and D, in which the Schiff base is oriented towards the cytoplasm, the protein blue-shifts range from 0.11 eV for L models B and D, to 0.23 eV for model C. These relatively large blue-shifts observed for these models are rather suprising, because the polarization of the counterions is small.
Similar to previous studies, 50 we observe a correlation between the BLA and the response of the excitation energy to the electric field induced by the point charges of the protein ( Table 2 ). The Arg82 adopts a different conformation in the L model B compared to the other models. To estimate the impact of the different orientations on the excitation energy, we mutated Arg82 into Gly, which effectively removes the charges of the arginine side chain. In general, the replacement has only a small effect on the excitation energies (Table 3) , which was also found for the bR resting state previously. 50, 58 Unlike Arg82, w402 and water B have larger effects on the excitation energies computed for all models except L model C. When the computations are performed with the larger QM6 region, removing w402 from L model A leads to a significant red-shift of 0.19 eV. Water402 in bR and L model A, where it is located between the Schiff base and the Asp85/Asp212 counterions, has a slighly larger influence than water B in L models C and D, where it is positioned on the cytoplasmic side of the Schiff base. The shifts reflect the stronger polarization of the water molecule by the protein environment in the former case. a Distance between chromophore (N 16 ) and Arg82 (C Z ). b Effect of mutation from arginine to glycine on excitation energy (QM6).
c Effect of deleting water402/water B on excitation energy (QM1).
d Effect of deleting water402/water B on excitation energy (QM6).
Role of the electronic polarization. When the point charges of the protein are replaced using a polarizable model, we observe a red shift of the excitation energy. In the case of the bR resting state, the computations using a polarizable model result in excellent agreement with the experimental value. However, this seemingly perfect agreement can be attributed to an error cancellation:
58 SCC-DFTB underestimates the bond length alternation, leading to excitation energies in the gasphase, that are about 0.1 eV too low compared to experiment. Using PBE0, a hybrid density functional, the geometry optimization leads to a structure of the chromophore with a BLA in good agreement with CASPT2 benchmark calculations. 56, 61, 62 The neglect of dispersion on the other hand leads to excitation energies, which are too high. Thus, both effects, the neglect of dispersion and the BLA being underestimated with SCC-DFTB compensate each other. We expect these approximations to be systematic and similar for each structure. Including the effect of mutual instantaneous polarization of the protein environment and the QM region results in redshifts of the excitation energies (Table 4 ). In the case of an extracellular-oriented Schiff base, the polarization-induced red shift is 0.22 eV for bR and 0.23 eV for L model A, respectively. The red-shifts obtained using L models B, C and D, where the retinal is cytoplasmic-oriented, are larger (À0.23 to À0.34 eV). Therefore, the large protein-induced blue-shifts are counterbalanced by polarization-induced red-shifts.
Conclusions
We evaluated the compatibility of different models for the L intermediate of bacteriorhodopsin's photocycle with the experimentally obtained absorption maxima. In the case of the bR resting state, we demonstrated previously that our approach to the calculation of excitation energies with SCC-DFTB/MM gives values in agreement with experiments (2.18 eV). This excellent agreement is definitely accidental and relies on an error cancellation of the method, since none of the existing excited state methods applicable to large molecules like retinal show an intrinsic accuracy better than 0.1 eV.
Error cancellation is not an unusual feature of methods in computational chemistry and is very often exploited in applications. The main requirement is, that this error cancellation is systematic, i.e. that it applies for different molecules to the same degree. For application to color tuning in retinal proteins that means that changes in the chromophore and the protein environment are accurately reproduced. We have checked our methodology in this respect in a series of prior publications, 38, [54] [55] [56] [57] [58] as discussed above. Therefore, we are sufficiently confident that shifts in excitation energies are reproduced reliably. This approach has been successfully used in identifying the shifts due to mutations in Rhodopsin (Rh) 56 and in identifying a reasonabe O state model of bR. 57 We have shown that error cancellation appears in a series of proteins and their intermediates to a similar degree. Therefore, we can apply this methodology to the L-intermediate of the bR photocycle and can expect a reliable estimate of its excitation energy. We started from three crystal structures and generated L-state models A, B and C using QM/MM geometry optimization. Model A (obtained from ref. 9 ) is very similar to the structure of the bR resting state; model B (derived from ref. 7) differs from the bR resting state only slightly in structural details of the binding pocket. The excitation energies computed for models A and B are thus very close to the bR resting state, suggesting that models A and B are unlikely to represent L.
Model C (derived from X-ray structure 1ucq 8 ) gives an excitation energy too high compared to the experiment. An important observation here is that, as observed previously, 17 during QM/MM MD simulations at 300 K. Model C relaxes into model D. During this relaxation, water B relocates from hydrogen bonding to Thr89 and the Schiff base to the cavity between Asp85 and the Schiff base, such that the Schiff base bridges to Asp85 via water B. Relative to the bR resting state, model D gives an absorption maximum shift in close agreement with experiments which show a range of 541 to 550 nm (2.29 to 2.25 eV) depending on temperature and spectral reconstruction. 64, 65 This may be due to the increased structural flexibility of the L state. The observation that the bridged-water structure gives an absorption maximum consistent with L is compatible with NMR data 1 and previous molecular dynamics simulations and proton transfer calculations. 17 In a pervious work, we have in detail investigated the influence of retinal geometry on excitation energies. 38 We can investigate the effect of retinal conformation on the excitation energy by omitting the atomic charges from the opsin calculation. Models A and B, which resemble the bR resting state, are slightly red-shifted by 0.05 eV with respect to models C and D. Therefore, the retinal twist in models C and D is responsible for roughly half of the shift between bR and L. The other 0.05 eV then comes from the interaction of the retinal with the opsin electrostatic environment. Excitation energies are quite sensitive to the active site structure, conformational changes in the presence/absence of single water molecules in the active site can have some measurable influence, as discussed in detail of our previous work. 38, [54] [55] [56] [57] [58] Therefore, the calculation of excitation energies can give some further information to evaluate structural models. It is definitely not that specific to local interactions, as e.g. IR spectra are, since they condense all structural details of the active site into one single number, the excitation energy. For the evaluation of structural models, one has to keep in mind that the excitation energy of a wrong structural model can by accident lead to the a Absorption maxima at room temperature. right excitation energy. Therefore, a positive proof is not possible, since ''false positive'' results cannot be excluded based on the excitation energy alone. However, a wrong excitation energy severely questions a structural model, provided a well calibrated excited state method is used. In this respect, excited state calculations can help in identifying structural models, which we have used in this work to elucidate the bR L-state model.
